Repressed PHO5 gene chromatin, isolated from yeast in the native state, was remodeled by yeast extract in a gene activator-dependent, ATP-dependent manner. The product of the reaction bore the hallmark of the process in vivo, the selective removal of promoter nucleosomes, without effect on open reading frame nucleosomes. Fractionation of the extract identified a single protein, chromodomain helicase DNA binding protein 1 (Chd1), capable of the remodeling activity. Deletion of the CHD1 gene in an isw1Δ pho80Δ strain abolished PHO5 gene expression, demonstrating the relevance of the remodeling reaction in vitro to the process in vivo.
Repressed PHO5 gene chromatin, isolated from yeast in the native state, was remodeled by yeast extract in a gene activator-dependent, ATP-dependent manner. The product of the reaction bore the hallmark of the process in vivo, the selective removal of promoter nucleosomes, without effect on open reading frame nucleosomes. Fractionation of the extract identified a single protein, chromodomain helicase DNA binding protein 1 (Chd1), capable of the remodeling activity. Deletion of the CHD1 gene in an isw1Δ pho80Δ strain abolished PHO5 gene expression, demonstrating the relevance of the remodeling reaction in vitro to the process in vivo.
C hromatin structure plays a regulatory role in transcription and other DNA transactions. Classical studies of the PHO5 gene of yeast demonstrated a change in chromatin structure upon transcriptional activation (1) , which is now known to reflect the removal of promoter nucleosomes (2) . We have sought to reconstitute this process with purified components, including chromatin assembled in vivo at its native chromosomal locus (native chromatin).
A procedure has been developed for the isolation of native chromatin from any chromosomal region in yeast (Fig. 1A) : The region of interest is excised as a closed circle by a sequencespecific recombinase (3) and isolated by cell lysis, differential centrifugation, and affinity purification (4) . When this procedure was applied to the PHO5 gene in the transcriptionally repressed or activated state, the structure of the purified chromatin circles proved to be indistinguishable from that of the gene at the chromosomal locus: In the repressed state, the promoter was occupied by three nucleosomes, denoted N-1, N-2, and N-3 ( Fig. 1B) , whereas in the activated state, only one nucleosome remained. The chromatin structure of the ORF was the same under repressing and activating conditions (2) . Removal of promoter nucleosomes is presumed to relieve the repression brought about through their interference with the transcription machinery (5, 6 ) and may be a general feature of eukaryotic genes (7) (8) (9) (10) .
Activation of the PHO5 gene, which encodes an acid phosphatase, is provoked by removal of phosphate from the growth medium (11) . The Pho4 activator enters the nucleus (12) and binds two sites in the promoter: UASp1, which is located between nucleosomes N-2 and N-3, and UASp2, which lies within N-2 (Fig. 1B) .
Although no single chromatin remodeling complex appears to be essential for activation of PHO5 (13, 14) , genetic studies have implicated several factors at this locus, including the chromatin remodeling complexes INO80 (15) and SWI/SNF (16), the histone acetyltransferases SAGA (17) and NuA4 (18) , and the histone chaperone Asf1 (19, 20) . The question arises whether the actions of these factors are direct or indirect and whether additional and possibly essential factors could be revealed through unbiased biochemical fractionation of yeast extract.
With the goal of identifying an enzyme capable of directly remodeling native promoter chromatin under conditions of gene activation (presence of Pho4), we reconstituted the process in vitro using repressed PHO5 chromatin circles. A reaction that met these criteria served as a basis for the fractionation and subsequent isolation of the cellular machinery involved, whose relevance was subsequently validated in vivo.
Results
Activator-and ATP-Dependent Remodeling of PHO5 Promoter Nucleosomes in Yeast Extract. Chromatin circles containing both PHO5 promoter and ORF (Fig. 1A) were purified from pho4Δ cells grown under repressing conditions. The circles were treated with pho4Δ yeast extract and ATP, with or without the addition of recombinant Pho4. Removal of promoter nucleosomes was monitored by the accessibility of two restriction sites: a naturally The region of interest is flanked by two recognition sites for the R recombinase (boxes with black triangles). Excision of the PHO5 locus occurs after expression of recombinase is induced with galactose. The resulting closed chromatin circles are purified by differential centrifugation and by affinity purification with the use of a LexA binding site (gray rectangle) and a TAP-tagged LexA adaptor protein expressed from an exogenous plasmid. Schematics of PHO5 chromatin circles containing nucleosomes of both promoter (beige ovals) and ORF (dark gray ovals) are shown. The remainder of the chromosome (black ovals) remains intact after recombination. (B) Structure of PHO5 promoter. The minimal PHO5 promoter contains three nucleosomes, labeled N-1, N-2, and N-3, two of which are removed upon gene activation (14) . The two Pho4-binding sites UASp1 and UASp2 are shown as black circles, and the transcription start site as a black square. The two ClaI sites are indicated, one of which, in N-1, was inserted in place of the TATA box, and which allows simultaneous monitoring of nucleosomes N-2 and N-1.
occurring ClaI site at nucleosome N-2 and a second ClaI site inserted at N-1 (Fig. 1B) . Including Pho4 in the reaction increased the accessibility of the two sites from 28% to 37% (N-2, 9% activity) and from 26% to 37% (N-1, 11% activity; Fig. 2A ).
Both effects were dependent on yeast extract ( Fig. 2A) and ATP (Fig. 2B) . The inclusion of carrier DNA or chromatin proved to be essential, because no reaction was observed in its absence (Fig. S1 A-C) . The carrier may remove nonspecific inhibitory activities or serve as a histone acceptor, as has previously been observed for the chromatin remodeling complex RSC (21) .
The reactions at N-1 and N-2 could be distinguished by truncation of Pho4. A typical transcriptional activator, Pho4 comprises a DNA-binding domain (DBD) and an activation domain (AD), both required in vivo for activation of PHO5 (22, 23) . In our assay, a truncated Pho4 protein lacking the AD (Pho4Δ4) failed to support removal of nucleosome N-1 but still brought about removal of N-2 ( Fig. 2A) . The reaction at N-1, with its requirement for the AD, likely reveals the remodeling activity relevant in vivo, and was therefore used to track the activity during purification. In contrast, the reaction at N-2 may reflect nonspecific nucleosome sliding activities or destabilization of N-2 due to Pho4 DBD binding to UASp2 (Fig. 1B) .
The promoter specificity of the reaction was initially investigated by restriction enzyme digestion. The accessibility of a BstEII site in the promoter increased upon addition of Pho4, whereas that of a second BstEII site inside the ORF was unchanged (Fig. 2C) . The accessibility of EcoRV and PflMI sites in the ORF was similarly unaffected, confirming that the reaction specifically targeted the promoter.
Fractionation and Purification of Remodeling Activity. The activatordependent, promoter-specific chromatin remodeling activity was purified in five chromatographic steps (Fig. 3A) . Single peaks of activity were observed at every stage of purification (as in Fig. 3 B and C). Specificity for the promoter was evaluated both by digestion with restriction endonucleases, as described above, and by digestion with micrococcal nuclease (MNase). Because MNase digests naked but not nucleosomal DNA, it only generates a ladder of bands in Southern blot analysis when the region covered by the probe is protected by nucleosomes. With a probe covering the promoter, we observed a nucleosomal ladder for reactions performed in the absence of Pho4, but not for reactions performed in its presence. When the same membrane was stripped of the promoter probe and rehybridized with a probe covering the ORF, a ladder was observed both in the presence and absence of Pho4, indicating promoter-specific nucleosome removal (Fig. 3D) . Peak DEAE and hydroxylapatite fractions catalyzed promoter-specific removal of 41 − ∕ þ 3% and 35 − ∕ þ 1% of nucleosomes, respectively, compared to the removal of 44-63% of promoter nucleosomes in vivo (2) (Fig. 3D ).
Activator-Dependent Remodeling of Promoter Nucleosomes by chromodomain helicase DNA binding protein 1 (Chd1). SDS-PAGE and mass spectrometry of the fractions from the final gel filtration step revealed three coeluting sets of polypeptides ( Fig. 4A ), corresponding to the chromatin remodeling complex RSC (bands due to Sth1 and Rsc2, fractions 23-28), DNA polymerase ϵ (bands due to Pol2 and Dpb2, fractions [30] [31] [32] [33] , and the chromatin remodeling ATPase Chd1 with Sub1 (fractions [32] [33] [34] [35] . MNase analysis of PHO5 chromatin remodeling revealed a peak of Pho4-dependent, promoter-specific activity in fractions 32-35 ( Fig. 4B and Fig. S2A ).
Because Chd1 was the most abundant protein in the active fractions and is known to have ATP-dependent chromatin remodeling activity (24), we assayed it in recombinant form. Chd1 was TAP-tagged at its C terminus and purified by IgG-affinity chromatography and gel filtration (Fig. S3A ). Sub1, which comigrated with Chd1 in the original purification, was not found to be associated with Chd1, in agreement with previous reports (24) . When fractions containing pure Chd1 were assayed, a Pho4-dependent, promoter-specific chromatin remodeling activity comigrated with Chd1 ( Fig. 4C and Fig. S2B ). The specific activity of pure Chd1 was about 10-fold lower than that of Chd1 fractionated over five columns. The diminished activity may be due to inhibition by the TAP-tag, to the high salt concentration required to keep Chd1-TAP in solution, or to loss of additional unknown stimulatory factors.
Because the chromatin remodeling complex RSC coeluted with Chd1 until the final gel filtration step of the original purification, we investigated whether it is also active in our assay. Gel filtration fractions 23-28, containing the peak of RSC protein, yielded a diffuse MNase pattern both with and without Pho4 and on both the promoter and the ORF (Fig. S4A) . Such a pattern may be indicative of disorganized nucleosome arrays and is markedly different from the pattern observed in vivo (2). The same pattern was obtained with RSC purified via a TAP-tag on the Rsc2 subunit (Fig. S4B) , consistent with other studies (25) .
Activation of PHO5 in chd1Δ Cells. To assess the requirement for Chd1 in vivo, we induced PHO5 expression in chd1Δ strains. Induction was accomplished by deletion of PHO80, a repressor in the signaling cascade for PHO5 activation (12, 26) . PHO5 expression, as measured by acid phosphatase activity and mRNA analysis, was only slightly reduced in the absence of Chd1, in agreement with previous reports (13, 14) , indicating that additional factors may be capable of remodeling PHO5 promoter chromatin in vivo (Fig. 5 A and B) . A candidate for this role is the Isw1 chromatin remodeler, which has been shown to act in Fig. 2 . PHO5 promoter remodeling in yeast extract. PHO5 chromatin circles containing promoter and ORF were treated with yeast extract and ATP, with and without Pho4. The reaction product was digested with ClaI (A and B) or with other restriction enzymes (C), and DNA was extracted and analyzed by blot hybridization with a 900 bp PHO5 EcoRV probe. (A) Promoter nucleosomes N-1 and N-2 are remodeled in the presence of extract and the activator Pho4. Activity is defined as the difference between the accessibility of a given nucleosome to ClaI in the presence and in the absence of Pho4. When a truncation of Pho4 lacking the activation domain (Pho4Δ4) was used instead of Pho4, only N-2 but not N-1 was remodeled. Neither Pho4 nor Pho4Δ4 supported remodeling of nucleosomes in the absence of extract. N/A, not applicable. (B) ATP is required for chromatin remodeling. Pho4-dependent remodeling of N-1 and N-2 does not occur in the absence of ATP or when apyrase is added to remove ATP from the reaction. (C) The promoter but not the ORF is remodeled in a Pho4-dependent manner. The chromatin remodeling assay was performed with extract followed by incubation with restriction enzymes that cut PHO5 either in the promoter (ClaI), in both promoter and ORF (BstEII), or only in the ORF (EcoRV and PflMI). DNA was detected using the 900 bp EcoRV ORF probe (green line). Numbers show Pho4-dependent chromatin remodeling of a given nucleosome with quantitation performed as in A. similar pathways as Chd1 (27) (28) (29) . Deletion of only ISW1 had little effect on acid phosphatase activity, but double deletion of ISW1 and CHD1 completely abolished PHO5 gene expression ( Fig. 5 A and B) . Induction by phosphate starvation rather than PHO80 deletion in chd1Δ isw1Δ cells significantly delayed but did not completely abolish production of acid phosphatase, presumably because of the weak PHO5 mitotic induction pathway (Fig. S5) (30) . We conclude that Chd1 directly participates in the activation of PHO5 and in the remolding of promoter nucleosomes in vivo.
Discussion
We report here a fully defined system for promoter chromatin remodeling. The system is reconstituted from a promoter in the repressed state, an activator protein, a remodeling ATPase, and ATP, and faithfully reproduces the reaction observed in vivo on the basis of four criteria: The substrate is native chromatin, purified to near homogeneity, indistinguishable in structure from the same gene region at its chromosomal locus; the process depends on the activation domain of the activator protein, as it does in vivo; promoter nucleosomes are removed in the process, whereas ORF nucleosomes are unaffected, again as found in vivo; and the remodeling ATPase involved is capable of remodeling the same promoter in vivo, as shown by its requirement for the process in a suitable mutant background.
Results from the reconstituted system and mutational analysis identify a factor capable of remodeling the PHO5 promoter during gene activation. The results not only establish a role for Chd1 but also show that it can act directly, because the process takes place in the absence of other genes and of the complex regulatory circuitry found in living cells. The RSC remodeling complex, suspected of playing a role at PHO5 (13), was shown not to be involved: Purified RSC perturbed the distribution of both promoter and ORF nucleosomes in both the presence and absence of activator; and remodeling did not occur in a chd1Δ isw1Δ mutant background in vivo, despite the continued presence of RSC.
The mechanism by which Chd1 removes nucleosomes in vitro is likely to be nucleosome disassembly, as has been observed in vivo (14) . The alternative of nucleosome sliding would result either in smearing of the nucleosomal ladder, as observed for RSC (Fig. S4 A and B) , or in a gain of signal in the ORF, due to capture of nucleosomes from the promoter. Neither effect was observed for Chd1 in our system.
The chromatin remodeler Isw1 is evidently able to substitute for Chd1 at PHO5 in vivo. The form of Isw1 that acts at PHO5 is likely to be the monomer, because deletion (in a chd1Δ background) of the other subunits of Isw1 complexes (31), Ioc3 (present in ISW1a), and Ioc2 and Ioc4 (present in ISW1b), failed to phenocopy the chd1Δisw1Δ mutation. The loss of Isw1 activity during fractionation could be explained by a low specific activity, and consequent lack of detection in our assay, or by the presence of inhibitors, as previously reported for the Isw1-containing Bio-Rex 70 flow-through fraction (31, 32) . A role for Isw2, which has partly overlapping functions with Chd1 (27-29), was excluded because Isw2 alone could not maintain activation of PHO5 in chd1Δisw1Δ cells.
Chd1 is one of seven chromatin remodelers and the only member of the CHD family of remodelers found in yeast. It has homologues in all eukaryotes and has been implicated in various nuclear functions, including transcription initiation (29) , elongation (33) , and termination (27) , and RNA splicing (34) . It associates with active genes (33, 35) , and its murine homologue, Chd1, is required in embryonic stem cells for the retention of open chromatin and maintenance of pluripotency (36) . Like other members of the family, Chd1 has two chromodomains, a Swi2/Snf2 ATPase Chromatin remodeling assays were performed as before with peak fractions from the columns indicated. The product of two identical reactions was digested with MNase (1.5 and 4.5 units∕reaction) and the DNA was extracted and analyzed by blot hybridization with a probe covering the PHO5 promoter (PRO), followed by stripping and rehybridizing with a probe covering the ORF (ORF). Numbers under the blots show the mean Pho4-dependent and promoter-specific activity from the average of both MNase concentrations, calculated as described in Materials and Methods. Lanes 13 and 14: Nuclei from cells repressed (rep, strain yM2.1) or activated (act, strain yM8.14) at PHO5 were digested with 4 units of MNase as described in Boeger et al. (2) . DNA was analyzed and promoter-specific chromatin remodeling quantified as for lanes 1-12. and a C-terminal DNA-binding domain (Fig. S3B) . Chd1 has been shown to slide mononucleosomes (37) with the hydrolysis of ATP (24) , and has been implicated in global nucleosome loss in vivo (38) . Our results extend the known functions of Chd1, showing that it responds directly to the gene-specific activator and specifically remodels promoter nucleosomes. Isw1 may perform a similar role in vivo, because it can support PHO5 activation in vivo in the absence of Chd1. Other chromatin remodeling factors may further facilitate the reaction when activation is induced via phosphate starvation (13, 15, 16, 30 ).
Our fully defined system for promoter chromatin remodeling is notable for its simplicity. We find no requirement for histone modifying enzymes, histone chaperones, or the like. Further studies with our system and related ones may reveal additional stimulatory factors and more fully elucidate the molecular mechanism of promoter chromatin remodeling during gene activation.
Materials and Methods
Yeast Strains and Media. All strains used in this study were derived from YS18 (39) and from strains derived thereof (Table S1 ). Recombinant strains were prepared by standard procedures (40) . Deletion of PHO4 and CHD1 was accomplished using the kanMX6 cassette derived from plasmid pYM4 (41) . Strains with TAP-tagged proteins were prepared by transforming with the tagging cassette from plasmid pYM13 (42) . For circle purification, yeast cells transformed with pR2 were grown in Hartwell's synthetic medium containing 2% raffinose, with subsequent induction by addition of 2% galactose. For extract preparation and protein purification, yeast cells were grown in yeast extract/peptone/dextrose (YPD).
Genetic Elements and Recombinant Proteins. Plasmid pR2 for the purification of gene circles was provided by J. Griesenbeck (University of Regensburg, Germany). Hexahistidine-tagged Pho4 and Pho2 were expressed from pM58.2 and pPho2, respectively, provided by H. Boeger (University of California, Santa Cruz). Pho4Δ4 lacks amino acids 11-151 encompassing most of the activation domain and is identical to the activation-domain truncation used . Chd1 and Isw1 act redundantly for PHO5 activation in vivo. PHO5 activation in vivo was assessed in various strains grown in YPD: yM1.12 (pho5Δ), yM2.1 (WT), yM8.14 (pho80Δ), yA32.1 (chd1Δ pho80Δ), yA41.5 (isw1Δ pho80Δ), and yA36.2 (chd1Δ isw1Δ pho80Δ). (A) Acid phosphatase assays. Three cultures of the indicated strains were grown and analyzed for phosphatase activity as described in Materials and Methods. Pho5 is the predominant acid phosphatase in yeast and accounts for most of this activity (26, 48) . Error bars show standard deviations from three experiments. (B) PHO5 mRNA analysis. Total RNA was extracted, and PHO5 and ACT1 transcripts were quantified by RT-PCR. Error bars show standard deviations from three experiments.
in vivo Svaren et al. (23) . Recombinant proteins were purified from BL21 Escherichia coli cells as previously described (4).
Chromatin Circles. Circles were purified as described in Griesenbeck et. al. (4) , with four modifications to the protocol: The R-recombinase and the LexA-TAP adaptor protein were expressed from one plasmid, pR2; histone deacetylase inhibitors were included in all buffers (100 nM trichostatin A and 5 mM sodium butyrate); only calmodulin, but not IgG chromatography was used for affinity purification; and circles were equilibrated to 50 mM potassium acetate on the calmodulin resin, to be eluted in the same salt concentration.
Whole-Cell Extract, Fractionation, and Purification of Chd1-TAP. Whole-cell extract was prepared by an adaptation of a protocol provided by J. Svejstrup (Cancer Research UK), which itself is an adaptation of the Woontner and Jaehning (43) protocol. Whole-cell extract for fractionation was prepared with a slightly different protocol adapted from ref. 32. Chd1-TAP was prepared with an adaptation of the standard TAP-tag protocol (44) . For detailed protocols, see SI Materials and Methods.
Carrier Chromatin. Carrier chromatin was prepared from rat livers as in ref. 45 . Final yields were about 3 mg with a concentration of 0.1-1 mg∕mL and a DNA fragment size of 3-5 kbp. The material was highly pure, as confirmed by SDS-PAGE (Fig. S1A) . . For MNase, add 70 μL freshly prepared MN digestion buffer [57 μL water, 10 μL 10× MNase buffer, 1 μL 10 mg∕mL BSA, 1 μL 1% salmon sperm DNA (boiled and sheared), and 1 μL micrococcal nuclease at the indicated concentrations] and incubate for 5 min at 37°C. 10× MNase buffer is 130 mM Tris (pH 8.0), 500 mM sodium chloride, 64 mM calcium chloride, 2 mM EDTA, and 2 mM EGTA; IRN is 20 mM EDTA, 50 mM Tris (pH 8.0), 500 mM NaCl. Digestions are stopped by adding 100 μL MN stop buffer (90 μL IRN/20 mM EGTA, 10 μL 10% SDS and 3 μL proteinase K at 22 mg∕mL and incubating for 30 min at 65°C. From now on, proceed identically for ClaI and MNase reactions: Add 30 μg glycogen (Roche) to each reaction. Remove all proteins through phenol-chloroform extraction and precipitate DNA with ethanol by standard procedures. For ClaI reactions, add 25 μL fresh NcoI mix [21 μL water, 3 μL 10× NEBuffer 4 (NEB), and 1 μL NcoI at 10 units∕μL] directly to the pellets and incubate for 30 min at 37°C (NcoI cuts circles outside of the PHO5 gene immediately downstream of the LexA binding site and is added to linearize uncut circles). Then add 5 μL 6× DNA loading buffer. For MNase reactions, add 30 μL 1× DNA loading buffer directly to pellets and flick tubes to resuspend the DNA. DNA was separated on a 1.5% agarose gel, transferred to a nylon membrane by capillary transfer, and hybridized to a radiolabeled probe using standard Southern blotting procedures (47) . The probes used were all fragments of the PHO5 gene: Promoter (BamHI/DraI) and ORF (700 bp EcoRV). For restriction enzyme analysis, we used the ORF probe, whereas for MNase analysis we used the promoter probe followed by stripping and rehybridizing with the ORF probe.
Quantitation of Activator-Dependent and Promoter-Specific Chromatin Remodeling ClaI Analysis. The degree to which nucleosome N-1 is remodeled in a given reaction is proportional to the accessibility of N-1 to ClaI, α N−1 :
where the intensity I of each band is measured directly from the blot. The Pho4-dependent activity is the degree to which N − 1 is disassembled in response to Pho4 and corresponds to the difference in the accessibilities of N − 1 to ClaI between a reaction performed with Pho4 and one performed without Pho4: A similar analysis can be performed with other restriction enzymes as well.
MNase Analysis. MNase exhibits strong preference for naked over nucleosomal DNA and will digest DNA from which nucleosomes have been removed more readily than DNA that is still nucleosomal. The percent nucleosomes left on the promoter after addition of Pho4 is given by P:
where I þPho4 is the intensity of a whole lane corresponding to a single reaction performed with Pho4, and I −Pho4 is the equivalent value for a reaction performed without Pho4. The intensity of a given lane is proportional to the average amount of nucleosomes present on the region covered by the probe. After stripping and rehybridizing the membrane with a probe against the ORF, we obtain the percent nucleosomes left on the ORF after addition of Pho4:
O ¼ I þPho4
The activity is defined as the percent nucleosomes lost specifically from the promoter upon addition of Pho4:
activityðMNase;%Þ ¼ 100 × 1 − P O :
Acid Phosphatase Assay. The acid phosphatase assay measures the activity of secreted acid phosphatase through colorimetric monitoring of the hydrolysis of p-nitrophenyl phosphate to p-nitrophenolate. Because Pho5 is the predominant secreted acid phosphatase in yeast, this assay can reliably be used to determine Pho5 levels (26) : Saturated cell cultures grown in YPD were diluted 1∶30 in 3 mL YPD and grown for 3-5 h at 30°C. Two million cells were placed in an Eppendorf tube, pelleted, and residual media removed. Cell pellets were then resuspended in 250 μL 0.1 M sodium acetate (pH 4.2) and 250 μL fresh p-nitrophenyl phosphate at 9 mg∕mL, vortexed, and incubated at 37°C for 9 min. Reactions were stopped by addition of 800 μL 1.4 M sodium carbonate, vortexed, centrifuged for 3 min at 22;000 × g, and the A 420 measured.
RT-PCR. Reactions were performed according to the manufacturer's instructions (StepOne, Applied Biosystems), using the following primers: PHO5-RT, TCGTGAAGGTGTCATTCGCAGGTCGACATCTCTTAGAATTAG; PHO5-5′: GCTCG-TGACTTCTTGGCTCA; PHO5-3′, TCGTGAAGGTGTCATTCGCAGGTC; ACT1-RT, TGTCAGCGGATACGGGATGGTCATAGTCAGTCAAATCTCTA; ACT1-5′, TCCATC-CAAGCCGTTTTGTCC; ACT1-3′, TGTCAGCGGATACGGGATGGTCA.
